Full Stokes polarimetric imaging using a single ferroelectric liquid crystal device by Gendre, Luc (author) et al.
Full Stokes polarimetric imaging using a
single ferroelectric liquid crystal device
Luc Gendre
Alban Foulonneau
Laurent Bigue´
Optical Engineering 50(8), 081209 (August 2011)
Full Stokes polarimetric imaging using a single
ferroelectric liquid crystal device
Luc Gendre
Alban Foulonneau
Laurent Bigue´
Universite´ de Haute Alsace
Laboratoire MIPS
Ecole Nationale Supe´rieure d’Inge´nieurs
Sud Alsace
12 rue des fre`res Lumie`re 68093
Mulhouse Ce´dex France
Email: laurent.bigue@uha.fr
Abstract. This paper reports the design and the implementation of
a Stokes imaging polarimeter able to provide full polarimetric informa-
tion at 200 fps. This portable implementation is based on a division-of-
time architecture and uses a single ferroelectric liquid crystal device as
the polarization modulating element. Our system is designed to work at
532 nm with natural light or with controlled illumination, without temper-
ature control. We propose an optimized driving scheme of the modu-
lator such that the liquid crystal device can produce four polarization
states which makes it possible to retrieve the full polarimetric informa-
tion. The modulator characterization is reported and experimental re-
sults are provided. C© 2011 Society of Photo-Optical Instrumentation Engineers (SPIE).
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1 Introduction
Whereas polarimetry basics1 have been incepted since the
mid-19th century and polarimetric imaging2, 3 was proposed
in the 1970s, no imaging implementation able to capture
dynamic phenomena was reported until the early 1990s4.
It probably explains the reduced interest in imaging po-
larimetry, whereas polarization information, whether Stokes
or Mueller information proves to be of interest in many
fields such as chemistry, astronomy, atmospheric science,
and medicine and proves to be an efficient analysis tool for
many applications. Several architectures were proposed in-
cluding division-of-time polarimeters, division-of-amplitude
polarimeters5, 6 and division-of-wavefront systems7. The two
latter solutions require either a complex optical setup or a
very specialized component hard to manufacture. On the con-
trary, division-of-time polarimeters using liquid crystal (LC)
cells are consistent alternatives to more classical architec-
tures, since LC devices tend to be more and more widespread
and exhibit high quality. They were reported in several fields
ranging from robotic vision8 to astronomy9 and today sev-
eral commercial implementations are available. Neverthe-
less these implementations still run at reduced frame rates,
approximately at a few tens of fps. High-speed LC-based
implementations able to estimate the full polarimetric in-
formation were reported, but they require at least two LC
devices. In this paper, the aim is to design and implement
a high-speed portable imaging polarimeter system, possibly
low-cost, able to provide the full polarimetric information.
A system based on a single analog ferroelectric LC device
may be a solution, in terms of speed, simplicity, and cost.
We already reported an implementation providing only par-
tial Stokes information (i.e., about linear polarization)10 and
propose in the following an extension of this work in order
to retrieve the full polarimetric information.
After a brief description of liquid crystal polarization state
analyzers in Sec. 2, Sec. 3 describes the characterization
0091-3286/2011/$25.00 C© 2011 SPIE
of a tunable ferroelectric liquid crystal modulator. Then
Sec. 4 describes the implementation of an imaging polarime-
ter using a single liquid crystal cell and provides experimental
results. Section 5 discusses possible improvements.
2 Polarization State Analysis Using Liquid
Crystals
Polarization phenomena have been deeply studied by physi-
cists for at least 300 years, but the first mathematical formal-
ism was proposed by Stokes in 18521. Stokes proposed to
gather the entire polarimetric information into a 4-element
vector S = [s0 s1 s2 s3]T , now named Stokes vector. For
the sake of simplicity or speed, many optical setups only
provide partial Stokes information, which comes down nei-
ther to estimate the angle of polarization nor the circular
polarization. In this paper our intention is to provide both
a simple setup and to estimate the full polarimetric infor-
mation. To do so, we implement a polarization state ana-
lyzer (PSA) using a single ferroelectric liquid crystal cell
and a fixed linear polarizer. Due to its birefringent proper-
ties, the LC cell acts as an electrically addressable polar-
ization modulator. Usually LC modulators are supposed to
either tune the orientation of their fast axis or their retar-
dance, except twisted-nematic LC cells11, but the latter are
known to operate at a reduced frame rate. Classically, using
a single modulator leads to a partial Stokes estimation and
two modulators are used 9, 12, 13. In this paper, we implement
a PSA using a ferroelectric LC cell used in an unconven-
tional manner. Such a cell, whose birefringence n evolves
as in Eq. (1),14 is classically used at its design wavelength
λ0 where its fast axis orientation can be tuned at a very high
speed.
n(λ) · d = λ0
2
+ C · d ·
(
1
λ2
− 1
λ20
)
, (1)
where d is the LC cell thickness and C is a LC dependent
constant.
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If this LC cell is used away from its design wavelength
λ0, the intensity measured at the output of the PSA writes:
I (θ, ϕ) = 1
2
{s0 + [cos2(2θ ) + sin2(2θ ) · cos(ϕ)] · s1
+ cos(2θ ) · sin(2θ ) · [1 − cos(ϕ)] · s2
− sin(2θ ) · sin(ϕ) · s3}, (2)
where θ is the orientation of the LC cell fast-axis and ϕ
its retardance. Gathering several intensities I for several
(θi , ϕi ) configurations —actually, we should write for several
voltage controls Vi — leads to estimate S as:
S = A−1 ·
⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
I (θ1, ϕ1)
I (θ2, ϕ2)
.
.
.
I (θi , ϕi )
.
.
.
I (θN , ϕN )
⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
, (3)
where A, often referred to as the system matrix, writes :
A = 1
2
·
⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
1 cos2(2θ1) + sin2(2θ1) · cos(ϕ1) cos(2θ1) · sin(2θ1) · [1 − cos(ϕ1)] − sin(2θ1) · sin(ϕ1)
1 cos2(2θ2) + sin2(2θ2) · cos(ϕ2) cos(2θ2) · sin(2θ2) · [1 − cos(ϕ2)] − sin(2θ2) · sin(ϕ2)
.
.
.
.
.
.
.
.
.
.
.
.
1 cos2(2θi ) + sin2(2θi ) · cos(ϕi ) cos(2θi ) · sin(2θi ) · [1 − cos(ϕi )] − sin(2θi ) · sin(ϕi )
.
.
.
.
.
.
.
.
.
.
.
.
1 cos2(2θN ) + sin2(2θN ) · cos(ϕN ) cos(2θN ) · sin(2θN ) · [1 − cos(ϕN ) − sin(2θN ) · sin(ϕN )
⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
. (4)
A−1 is often referred to as the data reduction matrix (DRM).
Actually, if N > 4 measurements are performed, A is not
square and its pseudo-inverse must be used instead of A−1.
Classically, the ferroelectric LC cell is operated at its de-
sign wavelength λ0 which comes down to replace ϕ with π ,
therefore rank (A) is only 3. On the contrary, for instance
using λ=532 nm instead of λ0=633 nm comes down to use
a λ/1.68 plate instead of a λ/2 plate. Therefore, the fourth
column of A becomes nonzero and with a non-trivial choice
of control voltages, rank (A) is 4.
3 Characterization of a tunable ferroelectric
liquid crystal modulator
3.1 Principle
Our modulator, manufactured by Boulder Nonlinear Sys-
tems, Inc., is composed of a ferroelectric liquid crystal
(FLC) cell and a linear polarizer. It is supposed to be used as
a bistable rotator at 633 nm, but we successfully used it in a
tunable manner.10 As mentioned in Sec. 2 we want to get a
modulator that is not a pure rotator and now work at 532 nm.
The FLC cell is modeled as a plate with an orientation
angle θ and a retardance ϕ. Its polarization characteristics
are analyzed according to the principle exposed in Sec. 2, and
the general form of its system matrix is presented in Eq. (4).
The usual way to determine the system matrix is to operate
a Mueller characterization of the FLC cell at first and then
combine it with the Mueller matrix of a linear polarizer in or-
der to obtain the Mueller matrix of the whole PSA. From this
last matrix the system matrix would be deduced. However,
the FLC cell and the linear polarizer of our modulator are
not separable one from the other. Therefore, a conventional
Mueller characterization of the FLC cell is impossible. To
identify the system matrix, the following Stokes vectors are
input to the modulator while controlled by a voltage V :
S0 =
⎛
⎜⎜⎜⎝
1
1
0
0
⎞
⎟⎟⎟⎠ Sπ/2 =
⎛
⎜⎜⎜⎝
1
−1
0
0
⎞
⎟⎟⎟⎠ Sπ/4 =
⎛
⎜⎜⎜⎝
1
0
1
0
⎞
⎟⎟⎟⎠
S3π/4 =
⎛
⎜⎜⎜⎝
1
0
−1
0
⎞
⎟⎟⎟⎠ Sr =
⎛
⎜⎜⎜⎝
1
0
0
1
⎞
⎟⎟⎟⎠ Sl =
⎛
⎜⎜⎜⎝
1
0
0
−1
⎞
⎟⎟⎟⎠ . (5)
Measuring the intensity of the output light beam for each of
the six Stokes vectors leads to the following equations:
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
I0 = 12 [1 + cos2(2θ ) + sin2(2θ ) · cos(ϕ)] for input S0
Iπ/2 = 12 [1 − cos2(2θ ) − sin2(2θ ) · cos(ϕ)] for input Sπ/2
Iπ/4 = 12 [1 + cos(2θ ) · sin(2θ ) · (1 − cos(ϕ))] for input Sπ/4
I3π/4 = 12 [1 − cos(2θ ) · sin(2θ ) · (1 − cos(ϕ))] for input S3π/4
Ir = 12 [1 − sin(2θ ) · sin(ϕ)] for input Sr
Il = 12 [1 + sin(2θ ) · sin(ϕ)] for input Sl
. (6)
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From this system can be deduced the orientation and the
retardance, Eqs. (7) and (8), used to compute the system
matrix Eq. (4).
tan(2θ ) = Iπ/2 − I0 + 1
Iπ/4 − I3π/4 , (7)
tan(ϕ) = ±
√
(Il − Ir )2 +
( (Iπ/4−I3π/4)(Il−Ir )
1+Iπ/2−I0
)2
(Il−Ir )2
1+Iπ/2−I0 − 1
. (8)
In practice, in order to avoid model approximations, such as
assuming that there is no depolarization for example, the sys-
tem matrix is computed directly from measured intensities,
without estimating the orientation angle or the retardance. In
other words, we consider that the system matrix writes
A = 1
2
.
⎡
⎢⎢⎢⎣
A(V1) B(V1) C(V1) D(V1)
A(V2) B(V2) C(V2) D(V2)
A(V3) B(V3) C(V3) D(V3)
A(V4) B(V4) C(V4) D(V4)
⎤
⎥⎥⎥⎦ , (9)
Which leadsto the following intensity system:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
I0(V ) = 12 [A(V ) + B(V )] for S0
Iπ/2(V ) = 12 [A(V ) − B(V )] for Sπ/2
Iπ/4(V ) = 12 [A(V ) + C(V )] for Sπ/4
I3π/4(V ) = 12 [A(V ) − C(V )] for S3π/4
Ir (V ) = 12 [A(V ) + D(V )] for Sr
Is(V ) = 12 [A(V ) − D(V )] for Sl
. (10)
Therefore the system matrix is deduced from the intensity
measurements according to the following equation:
A = 1
2
⎡
⎢⎢⎢⎢⎣
I0(V1) + Iπ/2(V1) I0(V1) − Iπ/2(V1) Iπ/4(V1) − I3π/4(V1) Ir (V1) − Is(V1)
I0(V2) + Iπ/2(V2) I0(V2) − Iπ/2(V2) Iπ/4(V2) − I3π/4(V2) Ir (V2) − Is(V2)
I0(V3) + Iπ/2(V3) I0(V3) − Iπ/2(V3) Iπ/4(V3) − I3π/4(V3) Ir (V3) − Is(V3)
I0(V4) + Iπ/2(V4) I0(V4) − Iπ/2(V4) Iπ/4(V4) − I3π/4(V4) Ir (V4) − Is(V4)
⎤
⎥⎥⎥⎥⎦ . (11)
A−1 is obtained by numerical inversion of A.
3.2 Experimental Characterization
The bench presented in Fig. 1 is used to characterize the
modulator. A Nd:YAG laser produces a beam at 532 nm,
enlarged by a beam expander. The static linear polarizer P1
defines the polarization in input to the rotating set (λ/2, λ/4)
that generates the elementary Stokes vectors mentioned in
Eq. (5). These vectors go through the modulator composed
of the FLC cell and a linear polarizer. The light intensity is
finally measured by a photodetector.
A typical control signal used for characterization at
100 Hz is depicted Fig. 2. It is globally dc-balanced in order
not to damage the FLC cell. It consists of a square signal
at 100 Hz (duty cycle 50%), with an amplitude of Vi corre-
sponding to the two voltages −Vi and +Vi , and of a transient
pulse (±10 V, width 200 μs) which fastens the modulator
response. For the characterization phase, amplitude value Vi
will vary from 0 to 5 V with a step of 0.01 V.
Measured intensities versus control voltage for each
Stokes vector in Eq. (5) are presented in Fig. 3. From these
Nd:YAG
Laser
532 nm
MO
PH
L1
P1
λ/2
(rot.)
λ/4
(rot.)
FLC
P2
L2
Detector
Fig. 1 Setup for partial Mueller characterization of the FLC device.
Microscope Objective (MO), Pin Hole (PH), Lenses (L1 and L2), static
linear polarizers oriented at 0◦ (P1 and P2), rotating half-wave plate
(λ/2), rotating quarter-wave plate (λ/4), FLC.
intensities the orientation angle θ and the retardance ϕ, de-
picted Fig. 4 can be deduced. The curves show that the global
behavior of the FLC cell is different from that of a half-wave
plate, which allows full polarization to be analyzed.
We choose an operating scheme with N = 4 measure-
ments. Therefore, four voltages have to be determined. As
explained in Sec. 3.1, the system matrix is not evaluated
from the angle and retardance estimation, but directly from
intensity measurements, according to Eq. (11). In order to
determine the more suitable set of amplitudes to control the
Fig. 2 Control signal used for modulator characterization.
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Fig. 3 Intensities measured versus voltage during modulator characterization.
modulator, the condition number (CN) of the system matrix
is evaluated for every set (−V1,+V1,−V2,+V2), where
V1 and V2 vary from 0 to 5 V. The result15 is depicted in
Fig. 5. The absolute minimum gives the best suitable set of
voltages, which corresponds to the voltage set ( − 5 V, + 5
V, − 1.27 V, + 1.27 V) for a CN of 37.5.
This first characterization gives information in order to
determine the voltage neighborhoods in which looking for
the voltages V1 and V2. As explained in previous work,10
further adjustments have to be made on the values of the
voltages since the modulator is nonlinear and behaves differ-
ently during the characterization (two-level signal) and the
final operation (four-level signal). Our signal is finally com-
posed of the voltage set ( − 5 V, + 5 V, − 0.9 V, + 0.9 V),
which in practice changes the CN to 36.2. The DRM of our
system is then computed with these voltages.
Fig. 4 FLC fast-axis orientation (left) and retardance (right) deduced from intensities versus voltage at 532 nm.
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Fig. 5 Condition number for voltage set (−V1,−V2,+V2,+V1).
Fig. 6 Stokes vector estimation versus theoretical values.
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Fig. 7 Experimental and theoretical values for DOP, DOLP, and DOCP versus λ/4 plate fast-axis orientation.
Fig. 8 Experimental and theoretical values for orientation angle ψ and ellipticity ε versus λ/4 plate fast-axis orientation.
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4 Implementation of a Single Ferroelectric Liquid
Crystal Modulator as a Stokes Polarization
State Analyzer
The modulator is now driven by the final control signal and
is used as a PSA. A new polarization state is displayed on the
modulator every 5 ms. As a consequence, the polarization is
analyzed at 200 fps. The results presented are obtained from
raw data, neither with any averaging nor postprocessing.
4.1 Non-Imaging Validation
The setup is the same as that presented in Fig. 1. The
half-wave plate is static and the quarter-wave plate rotates
along the available angular range of the rotating stage with
a 1 deg step. Intensities are measured for every position of
the quarter-wave plate and from these intensities, Stokes
parameters are evaluated using Eq. (3) and using the DRM
established in Sec. 3. Results are presented in Fig. 6. In
order to minimize laser fluctuations, we use normalized
parameters. Stokes parameters evolve in good accordance
with expectations. Error on s0 is within 2.9%, on s1 within
3.2%, while s2 and s3 are, respectively, estimated with
a maximum error of 15.9% and 5.7%. Errors may be
due to plate imperfections, an inaccurate mounting of the
plate in the setup, or to imprecisions in the modulator
characterization. Such phenomena are observable on the s0
component that should theoretically be constant.
From this Stokes vector estimation, other figures can be
evaluated. Figure 7 shows the evaluation of the degree of
polarization (DOP), degree of linear polarization (DOLP),
and the degree of circular polarization (DOCP), evaluated
according to Eqs. (12), (13), and (14). In a similar manner,
the angle ψ and the ellipticity ε, as of Eqs. (15) and (16), are
depicted in Fig. (8). Error figures are reported in Table 1.
DOP =
√
s21 + s22 + s23
s0
, (12)
DOLP =
√
s21 + s22
s0
, (13)
DOCP =
√
s23
s0
= |s3|
s0
, (14)
tan(2ψ) = s2
s1
, (15)
sin(2ε) = s3√
s21 + s22 + s23
. (16)
Fig. 9 Image acquired when the modulator is driven with 5 V.
Even if significant error figures are obtained at some ori-
entations of the quarter-wave plate, the overall behavior of
our PSA meets our expectations.
4.2 Imaging Validation
Imaging validation is conducted as in our previous work
with a rank-3 polarimeter.10 We consider a transparent sam-
ple made of three polarizer strips with different orientations.
The sample is illuminated with a circularly polarized beam
produced by 25 green light emitting diodes, a beam homog-
enizer, an interference filter, a polarizer, and a quarter-wave
plate. Figure 9 depicts the image acquired for V =5 V. It
proves to be a little noisy. Figure 10 reports the evaluation
of the four Stokes parameters at 200 fps for a given orien-
tation of the sample. It should be noted that the reference
angle in our images is aligned along the vertical polarizer.
s0, corresponding to the total intensity, appears noisier than
the image acquired for V =5 V. This may be due to the in-
version process, since the system CN is rather high. s1 and
s2 globally exhibit little noise and estimate the correspond-
ing parameters as expected. s3 is much noisier, rather in the
background which should appear uniformly white. Therefore
the estimation of the circular component, possible through
Table 1 Error figures. Please remember that the source power fluctuates within 0.9%. Error on polarization angle is only
evaluated when linear polarization is significant.
Parameter DOP DOLP DOCP Polar. angle ψ Ellipticity ε
max. |error| over the whole angular range 9.6% 4.4% 9.2% ≈ 4◦(see caption) 2.1 ◦
max. |error| for lin. polarizations (0◦and 180◦) 1.3% 1.3% 2.1% 0.7◦ 0.6 ◦
max. |error| for circ. polarizations (±45◦ ) 4.7% 3.6% 4.6% – 1.0 ◦
max. |error| at ±30◦ 3.2% 2.9% 5.3% 3.4 ◦ 1.4◦
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Fig. 10 Evaluation of the Stokes parameters of the test scene. From left to right and top to bottom: s0, s1/s0, s2/s0, s3/s0.
the shift in wavelength, is not as good as the estimation of
the other components.
Figure 11 reports the degree of linear polarization, the
polarization angle, and the ellipticity. Linear polarization
and polarization angle are correctly estimated, with only a
little degradation compared to our implementation with three
Stokes components.10 Ellipticity, which could not be evalu-
ated with our previous setup, is globally well estimated, with
a strong difference between the polarizing strips and the
background.
5 Discussion
The above reported experimental results clearly prove that us-
ing a single liquid crystal cell as the key part of a full Stokes
polarization state analyzer is feasible. Nevertheless, the per-
formance of our implementation remains lower from that of
a laboratory precision setup. To improve such a setup, several
ways could be considered. First, the condition number value,
here 36.2, appears high, rather if we compare to our previous
implementation concerning only linear polarization (CN was
4.2 in that case), or for instance to that reported in Ref. 16,
Fig. 11 From left to right: DOLP, angle of polarization ψ and ellipticity 	.
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which provides a CN smaller than 2. Clearly, using an addi-
tional driving voltage in this case leads to a severe decrease
in the condition number. This means that actually, with this
kind of LC cell, decoupling the fast-axis orientation from the
retardance remains difficult. The alternative consists of using
two LC cells, as Gandorfer9 and Vedel et al.,17 but we wanted
to avoid this solution, whose performance in terms of CN are
not reported in previously cited references. In the present
configuration, with two pairs of driving voltages instead of
one during the characterization process, the nonlinear time-
variant behavior of the modulator appears clear and further
work shall be performed from the initial characterization.
Using driving voltages outside the stable zone, i.e., between
− 1 and 3 V, is necessary to reduce the condition number, but
makes the initial harmonic characterization only a starting
point. Actually, an experimental iterative process should be
considered in order to determine the best driving voltages.
Furthermore, in this case, the transient driving pulse could
probably be optimized.
Second, we have no temperature control of the PSA. A
rather simple improvement would consist not in a temper-
ature control, but in a compensation of the temperature in-
duced phenomena, as proposed by Terrier et al.18
6 Conclusion
Imaging polarimetry has been challenging the optical com-
munity for 20 years as far as dynamic implementations
are considered. Beside multi-channel configurations requir-
ing dedicated highly optimized polarization modulating
elements, division-of-time architectures using liquid crys-
tal devices prove to be interesting alternatives, even if speeds
higher than 100 fps are considered.
In this paper, we demonstrate the point in using a sin-
gle analog ferroelectric liquid crystal modulator. Used at
its nominal wavelength, such a device acts as a polariza-
tion rotator and cannot provide us information about circular
polarization. Used away from its nominal wavelength, it be-
haves simultaneously as a rotator and an ellipticizer and can
provide information about circular polarization, therefore al-
lowing the user to retrieve full polarimetric information. Our
portable implementation makes it possible to get full Stokes
information at 200 fps. Since the polarimetric head only con-
sists of a LC cell, a linear polarizer, and an interference filter,
it can easily be considered for embedded applications.
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